Here we present an approach for the determination of an atomic structure of small bimetallic nanoparticles by combining extended X-ray absorption fine structure spectroscopy and classical molecular dynamics simulations based on the Sutton-Chen potential. The proposed approach is illustrated in the example of PdAu nanoparticles with ca 100 atoms and narrow size and compositional distributions. Using a direct modeling approach and no adjustable parameters, we were able to reproduce the size and shape of nanoparticles as well as the intra-particle distributions of atoms and metal mixing ratios and to explore the influence of these parameters on the local structure and dynamics in nanoparticles. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Metallic nanoparticles (NPs) are a promising material for various technological applications due to the fact that the physical, chemical, and functional, in particular, catalytic properties of NPs can be substantially different from their bulk counterparts, and can be tuned in a wide range by changing the NPs shape and size. [1] [2] [3] [4] For bimetallic NPs, the additional degrees of freedom-metal mixing ratio and intra-particle distribution-provide even more possibilities for tailoring properties and lowering production costs. For example, the catalytic activity of NPs with a core consisting of an earth abundant metal, covered with a noble metal shell, may compete with that of pure noble metal NPs. [5] [6] [7] Moreover, recent theoretical and experimental studies show that by changing the metal mixing ratio in bimetallic NPs, one can tune the binding energy for various adsorbates, and thus adjust the catalytic activity of the NPs. [8] [9] [10] In particular, it was predicted that small (with ca 100 atoms) palladium-gold nanoparticles with an Au-rich random alloy structure could exhibit catalytic activity in CO oxidation reaction that is several orders of magnitudes higher than that observed for bulk Pt catalysts. 11 At the same-time, Pd-rich NPs with similar size and structure were found to be an effective catalyst for oxygen reduction reaction, outperforming the NPs of pure Au, Pd, or Pt. 12 For olefin hydrogenation reaction, in turn, enhanced catalytic activity was observed for random alloy PdAu NPs with Pd to Au ratio 2:1. 13 While the fundamental understanding of the atomic structure (and dynamics) of the heterometallic nanostructures is extremely important for explaining their catalytic mechanisms, such experimental studies are very challenging. 14 Lack of long-range order makes it impossible to apply the conventional crystallographic approaches in this case, while the a) Electronic mail: janis.timosenko@stonybrook.edu b) Electronic mail: anatoly.frenkel@stonybrook.edu state-of-the art electron microscopy methods do not provide sufficient resolution and sensitivity for detailed investigations of such nanoparticles. The total scattering experiments (pair-distribution function (PDF) analysis) are often able to provide valuable information [13] [14] [15] for nanoscale systems, but they lack chemical sensitivity, which is crucial for studies of multielement nanoparticles.
X-ray absorption spectroscopy, in turn, is a method that does not suffer from the above mentioned limitations and is often used as a powerful tool to probe the structure of monometallic and multimetallic nanomaterials and to correlate the structure of NPs with their chemical and catalytic properties. [16] [17] [18] The results of extended X-ray absorption fine structure (EXAFS) analysis can be especially useful for this purpose, since they provide unique, element-specific information on the geometry and dynamics of local environment of absorbing atoms. 19 It has been shown in the recent years, however, that the conventional modeling approaches to EXAFS data analysis can lead to wrong conclusions for small NPs. The greatest problem affecting the interpretation of the analysis results is the heterogeneity of the NPs size, 17, 20 elemental composition, 18, 21 and structural order. 22 In addition to these interparticle heterogeneities, NPs have also unique intra-particle heterogeneities that can adversely affect the interpretation of the fitting results, most notably-coordination numbers, bond lengths, and their disorder. 23 Indeed, different environments of NPs surface and core atoms result in complex, markedly asymmetric distributions of interatomic distances, where the conventional data analysis approaches are unable to account for accurately. [23] [24] [25] [26] [27] Because the coordination numbers are the most important for drawing conclusions on the NPs structure, shape, and compositional motifs, 18 their determination by EXAFS analysis and modeling requires especial caution. The most common way of obtaining coordination numbers from EXAFS is to follow an a priori assumption that the bond length distribution is nearly Gaussian. The coordination numbers are then obtained by fitting theoretically calculated EXAFS spectra to experimental data. 19, 28 While this approach works reasonably well for bulk materials, we have demonstrated that it often results in inaccurate values of structure parameters even in the case of monometallic nanoparticles because their bond length distributions are more complex than those in their bulk counterparts. 23, 26, 27 In addition to the underestimation of coordination numbers and structural disorder due to the assumption of Gaussian bond length distributions, other artifacts in the analysis originate from ignoring the heterogeneity of the NPs size, shape, and composition, as mentioned above. 17, 18 In summary, the conventional approach to EXAFS data analysis may result in wrong conclusions regarding NPs size, shape, and intra-particle distributions of atoms of different types.
We and others have demonstrated recently that EXAFS spectra of monometallic NPs can be analyzed more reliably by a direct modeling approach. For example, the structure relaxation and anharmonic motion of atoms that result in asymmetric bond length distributions can be modeled using density functional theory (DFT) and ab initio molecular dynamics (MD) method based on DFT simulations, 26, [29] [30] [31] [32] or in classical MD simulations that rely on empirical force field models. 27, [33] [34] [35] Thus the theoretical simulations can be used to assist in the interpretation of experimental EXAFS data. At the same time, the 3D NPs structure models, obtained in such simulations, can be validated by comparing the configurationaveraged theoretical EXAFS spectra, calculated for the models, with corresponding experimental EXAFS data. The goal of this paper is to generalize this approach to much more complicated case of heterometallic nanostructures.
Ab initio simulations, in principle, can provide a realistic model of the NPs structure and dynamics and allow one to account for interactions of NPs with ligands, substrates, and/or adsorbates. Due to their high requirements for computational resources, however, this approach is currently limited mostly to small atomic clusters 15 and, thus, is not applicable for screening a broad range of structure models. At the same time, we have demonstrated recently that for a limited number of nanoscaled systems, such as bare monometallic NPs, classical MD simulations are able to provide structural models comparable with the ab initio results. 27 In this work for the structure studies of bimetallic NPs, we employ the classical MD approach, based on the empirical Sutton-Chen potential. 15, 36 By combining MD simulations, ab initio calculations of EXAFS spectra, 37 and wavelet transform 38, 39 to highlight the chemical sensitivity of EXAFS data, we are able to determine the size and atomic packing of investigated NPs, to estimate the ratio of different metals in the NPs, and to find the most probable intra-particle distribution of atoms of different types.
This approach allows us to extract unique information, contained in experimental EXAFS data from bimetallic NPs, to obtain a detailed description of the NPs structure and dynamics, and to do so reliably, by avoiding the artifacts of the conventional EXAFS analysis based on the non-linear least-square fitting.
In this paper, we validate our approach on the example of the important and well-understood bimetallic system: PdAu NPs with a random alloy structure and different Pd and Au concentrations. The Pd K-edge and Au L 3 -edge experimental EXAFS data are used to determine the 3D structure of PdAu NPs and to follow the changes in structure parameters upon change of the Pd to Au mixing ratio.
II. EXPERIMENTAL
For this study, we have chosen a well-understood and extensively characterized bimetallic system to demonstrate the accuracy of the proposed analysis.
Room temperature experimental Au L 3 -edge EXAFS data and Pd K-edge EXAFS data for PdAu nanoparticles that were synthesized using the peptide template method were taken from Ref. 13 . As described in Ref. 13 and Section I of the supplementary material, all PdAu NPs samples were characterized using inductively coupled plasma mass spectrometry (ICP-MS), UV-vis spectroscopy, transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) mapping, and PDF data, derived from high-energy X-ray diffraction. The particle size distributions were obtained by TEM to be narrow, thus validating in this case a conventional EXAFS data fitting approach using the FEFFIT code, 28 as reported in Ref. 13 .
TEM data showed an approximately spherical shape for PdAu particles. The obtained value for the average NPs size (ca 3-4 nm, independently on Pd to Au ratio) suggests that the investigated NPs should contain no more than several hundreds of atoms. Note, however, that the TEM analysis is not sensitive to the presence of ultra-small metallic clusters and/or unreduced Pd and Au species; hence the average NPs sizes, as obtained from TEM, can be overestimated. 20 
III. METHODS AND CALCULATIONS
To investigate the atomic structure and dynamics of bimetallic NPs, in this study we developed a multi-step method, summarized and schematically depicted in Section II and Fig. 1 of the supplementary material. First, since in our approach we relied on an empirical potential, we needed to validate it, using a well-defined system. Pure bulk metals can be used for this purpose. Therefore we first performed MD simulations with the corresponding empirical potential model. During this procedure, several thousands of atomic configurations that represent the 3D structure of the investigated material at given time moments were accumulated. For these configurations, an ensemble-and time-averaged EXAFS spectrum was calculated. We then compared the obtained theoretical spectrum with the corresponding experimental EXAFS data. A good agreement between these spectra indicated that the used empirical potential provides a reasonably accurate description of the local structure and atomic dynamics (at least for the corresponding pure bulk material). We also used the calculated data for a bulk metal to estimate the amplitude reduction factor S 2 0 that originates from many body effects and is presently challenging to be calculated ab initio. 19 By comparing the experimental and calculated EXAFS spectra for bulk materials, S 2 0 values were estimated and later were used for the interpretation of EXAFS data from NPs.
Once the validity of the empirical potentials was demonstrated, we used them for simulations of bimetallic nanoparticles. We created a library of different realistic NP structural models with different sizes, shapes, atomic packings, and different intra-particle distributions of atoms of different types, based on the information from other techniques, such as X-ray diffraction, UV-vis data, and TEM. 13 We used MD simulations and procedures, described above, to generate theoretical EXAFS spectra for different NPs models. By comparing the so obtained results with experimental EXAFS data, we chose between multiple candidate structures that provided the best match to the experiment.
We note here that different approaches can be used to compare the calculated and experimental EXAFS data. For example, one can compare raw EXAFS spectra in wavenumber (k) space, or compare the spectra, mapped by Fourier transform (FT) to frequency (R) space. Note that the latter approach reveals how the different components of spectra are localized in R-space, but the information on their localization in k-space is lost. In this work, we demonstrate an additional tool that can be used for the purpose of comparing experimental and theoretical spectra, one that exploits more efficiently the chemical and geometrical sensitivity of EXAFS data. It is the wavelet transform (WT), [38] [39] [40] which is a mathematical procedure that is similar to FT, but provides information on the localization of different EXAFS signal components in k-and R-spaces simultaneously. This approach is especially useful in the analysis of EXAFS data from materials with atoms of more than one type, since it allows better separation of contributions of different species.
After the most likely size and morphology of investigated NPs were estimated, we carried out additional MD-EXAFS simulations with a broad range of metal mixing ratios, to investigate in detail the influence of metal concentrations on EXAFS spectra. By comparing the obtained results with experimental spectra, we could conclude on the most likely metal mixing ratio in experimentally investigated samples.
Note that in addition to taking into account the intraparticle heterogeneities as described above, one could also simulate the inter-particle heterogeneities when the size and compositional distributions (obtained on the particle-byparticle basis) are not narrow. That demonstration is beyond the scope of this paper and will be published separately.
After the preliminary results (3D structural models) were obtained by MD simulations, we were able to perform their further fine tuning by employing reverse Monte Carlo (RMC) and evolutionary algorithm (EA) approaches. 27, 41, 42 In this case, the agreement between experimental and theoretically calculated EXAFS data is used directly to guide the evolution of the NPs structure model. In our approach, we used the relaxed structure models, obtained in MD simulations, as a starting point for RMC/EA simulations, and we constrained the maximal allowed deviations of atoms from their starting positions. Thus we ensured that the general shape and intra-particle distributions of metals in RMC/EA structures were the same as in MD models. This allowed us to overcome two problems of RMC simulations: (i) long computational times, required for RMC-type simulations to obtain structure models in good agreement with experimental data, when the initial starting configuration is far from the optimal one, and (ii) the tendency of RMC-type methods to overfit the experimental data in the cases, when the information content in experimental data is limited. In particular, we have demonstrated recently that in the RMC/EA-EXAFS analysis of experimental Au L 3 -edge data for gold nanoparticles with sizes ca 1-2 nm, two very different structure models (with cuboctahedral and icosahedral geometries) can both produce a very good agreement with experimental EXAFS data. 27 In this study, we avoid this problem by including in our RMC/EA simulations the results of MD modeling.
More technical details on MD simulations and parameters of the empirical force-field model, wavelet transform, and RMC/EA simulations are given in Sections III-V of the supplementary material.
IV. RESULTS AND DISCUSSION

A. Validation of empirical potential using EXAFS data for bulk material
The time-averaged Au L 3 -edge and Pd K-edge EXAFS spectra that were calculated for bulk gold and bulk palladium structures, generated in MD simulations with the Sutton-Chen force field model, 15, 36 are compared with corresponding experimental spectra in Fig. 1 . The only fitted parameters were corrections to the reference energy values ∆E 0 and amplitude reduction factors S 2 0 . As one can see, MD models yield excellent agreement with the available experimental information in the R-range up to 6 Å. This indicates that not only the nearest neighbor interactions but also contributions from more distant atoms and multiple-scattering (MS) effects are reproduced accurately in our models. This is an important finding, since in order to resolve different structural models for metallic nanoparticles, it is necessary to include in the analysis such contributions at high R-values, as will be shown in greater detail below.
B. Determination of NPs shape, size and intra-particle distribution of metals
Results of MD-EXAFS simulations (simulated Pd K-edge and Au L 3 -edge EXAFS data) for PdAu NPs with random alloy structure, cuboctahedral geometry, 147 atoms, and different Pd to Au ratios are shown in Fig. 2 . As one can see, EXAFS spectra are dominated by the contribution of the first coordination shell, which results in a pronounced, split FT peak between 1.6 and 3.2 Å. The shape of this peak and its dependency on the ratio of metals is, however, difficult to interpret directly, since the observed splitting is a result of two effects: (i) interference of M-Au and M-Pd contributions (here M is Au for the Au L 3 -edge spectrum and Pd for the Pd K-edge spectrum) and (ii) complex dependency of photoelectron scattering functions on wavenumber k, which is very pronounced for Au atoms. 43, 44 Therefore to assist in the interpretation of obtained EXAFS data and to gain more information, we rely in this case on wavelet transform. WT for Pd K-edge EXAFS data, FIG. 5 . Wavelet-transformed Au L 3 -edge and Pd K-edge EXAFS spectra, calculated for PdAu NPs with 147 atoms and (i) icosahedral random alloy structure, (ii) icosahedral Pd core-Au shell structure, (iii) icosahedral Au core-Pd shell structure, (iv) cuboctahedral Pd core-Au shell structure, and (v) cuboctahedral Au core-Pd shell structure. calculated for the PdAu NP model with a random alloy structure, cuboctahedral geometry, 147 atoms, and 1:1 Pd to Au ratio, is shown in Fig. 3 . The corresponding result for the Au L 3 -edge is shown in the supplementary material (Fig. 2) .
WT images for cuboctahedral random alloy NPs with different sizes and different Pd to Au ratios are shown in with the WTs of experimental EXAFS data. WT images for PdAu random alloy NPs with an icosahedral structure, as well as for cuboctahedral and icosahedral NPs with Pd core and Au shell, and Au core and Pd shell are given in Fig. 5 , and more extensively are compared in the supplementary material (Figs. 4-10) .
In Fig. 3 , the WT image is compared with the original EXAFS spectrum and its FT. In addition, we show separately WTs of calculated single-scattering (SS) Pd-Pd and Pd-Au contributions, as well as WT of total multiplescattering contribution to the calculated spectrum.
WT provides a representation of the EXAFS signal in k and R spaces simultaneously. When the WT image is projected on the R-axis, the information similar as yielded by FT of the analyzed spectrum can be obtained. Projection of the WT modulus on the k-axis, in turn, is related to the envelope of the analyzed spectrum. The advantage of WT over FT can be seen by observing features denoted as A and C in Fig. 3 . In WT maps of EXAFS data, they clearly appear as single features, which correspond to contributions of Pd-Pd and Pd-Au pairs, respectively, in the first coordination shell and which are split in two branches (A and A , C and C ) at low k-values. In the Fourier image of the EXAFS spectrum, however, these contributions would appear as double peaks, thus complicating the interpretation.
As expected, 43 splitting of the mentioned features for the case with gold as backscatter (feature C) is more pronounced, resulting in an almost equal distribution of intensity over C and C features. For the case where a photoelectron is scattered by Pd atoms (feature A), in turn, the branch at higher R values (A ) has a significantly larger intensity. Moreover, note that the maximum of WT intensity is shifted for Pd-Au pairs to higher k values (ca 8-12 Å 1 ) than it is for Pd-Pd pairs, which yield maxima in the WT transform in the k-range ca 7-9 Å 1 . Interestingly that due to the interference of Pd-Au and Pd-Pd contributions, the maximum of the WT image for the total spectrum is at lower k-values than the maximum of the WT image for partial Pd-Pd contribution. Similar trends can be found also for Au L 3 -edge EXAFS data (Fig. 2 of  the supplementary material) . These observations illustrate the usefulness of WT for highlighting the chemical sensitivity of EXAFS data.
For random alloy structures, the increase of Pd to Au ratio increases the average coordination number for the Pd-Pd bond while decreasing that for the Pd-Au bond. 18, 45 Therefore one should expect that upon the increase of Pd concentration for such NPs, WT maps for EXAFS spectra will exhibit the increase of the intensity of the first shell contribution, and the decrease of the intensity in the branches of the split WT features at lower R values. Moreover, since the influence of the Pd-Au contribution is reduced, the position of WT features in the k-space should be closer to that for the Pd-Pd contribution. Hence one can expect a shift of the WT maxima to slightly higher values of wavenumbers k.
As shown in Fig. 4 , this prediction agrees well with the trends, observed for wavelet-transformed MD-EXAFS data, and also with the trends, yielded by experimental EXAFS data. This agreement implies strongly that experimentally investigated NPs indeed have a random alloy structure.
The similar analysis can also be done for contributions of more distant coordination shells (features B and D in Fig. 3) . Note, however, that the analysis of these contributions is complicated by contributions of MS effects, which overlap in this case with the contribution of distant SS paths. At the same time, the information in the high R-range of WT maps can be used to distinguish reliably between, e.g., cuboctahedral and icosahedral geometries, and to estimate the NPs size. 17, 46, 47 In particular, note that for icosahedral particles the contributions to the total EXAFS beyond the first coordination shell are strongly suppressed due to larger static disorder. Strongly reduced amplitudes of contributions beyond the first coordination sphere are observed also for shell atoms in the core-shell structures (see Fig. 5 and Figs. 4-10 of the supplementary material). The intensities of WT features corresponding to the contributions of distant coordination shells and MS effects (the features in the R-range between 4 and 6 Å in Fig. 4 ) in cuboctahedral models with a random alloy structure, in turn, bear significant resemblance with those observed in wavelet-transformed experimental data.
We have found that MD models with a cuboctahedral random alloy structure and 147 or 309 atoms give the best agreement with experimental data. The models with these NPs sizes yielded quite similar results (see Fig. 4 and Fig. 3  of the supplementary material) . Note, however, that WTs for a model with 147 atoms are closer to experimental data in the R range between 4.0 and 5.5 Å (corresponding to the contribution of more distant coordination shells and MS effects), where the models with 309 atoms yield too large WTs intensities.
Thus we can conclude that the cuboctahedral particle with a random alloy structure and 147 atoms provides the best agreement with experimental EXAFS data for PdAu NPs. Note that such a structure model is in an excellent agreement with the results of TEM, STEM, and high energy XRD data. 13 This finding, on one hand, demonstrates that the accuracy of MD simulations with the Sutton-Chen potential is sufficient to reproduce reliably the size and shape effects in EXAFS data from bimetallic NPs. On the other hand, it validates in this case the findings of the conventional EXAFS analysis, 13 which also indicated a random alloy structure for these peptide templated PdAu NPs.
Note that some differences between experimental and model data shown in Fig. 4 can be explained by the fact that the actual Pd to Au ratios may be slightly different from the nominal ones. Another possible reason for the observed discrepancies is that the accuracy of the used MD potential is limited, hence the bond length disorder in our models may be slightly different from the one in real nanoparticles. 27 
C. Determination of metal mixing ratio
Since the cuboctahedral random alloy model with 147 atoms yielded the best agreement with experimental data, we have chosen this model for more extensive MD-EXAFS study to determine the Pd and Au mixing ratios in the experimentally investigated PdAu NPs with nominal Pd to Au ratios 1:3, 1:2, 1:1, 2:1, and 5:1.
We have performed additional MD simulations for the mentioned structure models, where the number of Pd atoms was varied from 5 to 145. For each of the obtained timedependent models, time-and configuration-averaged Au L 3 -edge and Pd K-edge EXAFS spectra were calculated and compared with the experimental data. For comparison, we applied WT and defined the difference χ as the Euclidean
i , where exp and MD are wavelet transforms of experimental EXAFS and MD-EXAFS, respectively. We can calculate χ values for Pd K-edge and Au L 3 edge EXAFS data independently (Fig. 6(f) ).
The χ values, obtained for experimentally investigated NPs with five different nominal Pd to Au ratios, and for MD models with different Pd concentrations, are plotted in Figs. 6(a)-6(e). The experimental EXAFS data and MD-EXAFS spectra for models that gave the best agreement with the experiment are shown in Figs. 7-9, and in Figs. 11 and 12 of the supplementary material.
It is worth noting that when Pd K-edge EXAFS and Au L 3 -edge EXAFS are used independently, both sets of data yield very close values of Pd concentration that give the best agreement with experiment. One can also notice a good correlation between the obtained optimal Pd concentration values and nominal Pd concentrations in the samples (Fig. 6(f) ). In all cases, we have obtained that the NPs appear to be slightly more Au-rich than predicted by the nominal composition. Note that a similar trend was observed also in ICP-MS data for these NPs in Ref. 13 . These findings demonstrate once again the reliability of the method and sufficient accuracy of classical MD simulations in this case for the interpretation of EXAFS data in bimetallic NPs.
The partial Pd-Pd and Au-Au coordination numbers, calculated for the MD structure models that gave the best agreement with experimental data, are shown in Fig. 10 . In this case, they agree within error bars with the partial coordination numbers, yielded by the conventional EXAFS analysis in Ref. 13 . 
D. RMC refinement of MD structure models
Despite the fact that MD modeling provided a reasonable agreement with the experimental EXAFS data, this agreement was not perfect. In particular, for all cases we observed that MD-EXAFS data have smaller amplitudes at high k-values than corresponding experimental EXAFS data. This indicates that the simple interaction model that we used in this study is not able to account properly for the disorder in bond length distributions and tends to overestimate it.
Therefore to fine-tune the obtained structure models, we optimized them via the RMC/EA method. The results of such simulations are also shown in Figs. 7-9 , and in Figs. 11 and 12 of the supplementary material. As one can see, after RMC/EA refinement the NPs structure models provide a much better fit of the experimental Pd K-edge and Au L 3 -edge EXAFS data, and almost all details of experimental spectra, including the complex pattern of contributions of distant coordination shells and MS effects, are reproduced, which indicates that structure models, obtained after fine-tuning with RMC/EA, indeed are more accurate.
Structure parameters (average Pd-Pd, Pd-Au, and Au-Au distances and mean-square relative displacement (MSRD) factors) for the final structure models obtained in RMC/EA simulations are shown in Fig. 10 . They are compared there with the corresponding values of these parameters that are calculated directly for MD-generated structure models.
The difference between MD-only and RMC/EA-refined results can be clearly seen, thus proving the usefulness of RMC refinement in this case. In particular, note that the Au-Au distance in PdAu NPs is underestimated in MD models. Note that a similar trend was observed also in our study of pure Au NPs. 27 Our results suggest also that the MSRD factor for the Pd-Pd bond is significantly overestimated in MD simulations, resulting, as mentioned above, in the discrepancy between experimental and simulated EXAFS data at high k-values. In MD simulations, the values of MSRD factors for Pd-Pd, Pd-Au, and Au-Au pairs are quite close and show only weak dependency on the Pd to Au ratio. Our RMC/EA models, in turn, yield almost two times smaller values for MSRD factors for the Pd-Pd bond. Note that the MSRD value for the Pd-Pd pair, as obtained in our RMC simulations, is quite close to that in a bulk Pd material. 48 MSRD factors, yielded by the RMC/EA approach, show also more pronounced dependency on Pd concentration. In particular, we observe that the maximal disorder both for Pd-Pd and Au-Au pairs is obtained for 1:1 Pd to Au composition. It is an expected behaviour for materials with a random alloy structure. [49] [50] [51] 
V. CONCLUSIONS
In this study, we demonstrated the utility of MD simulations with simple empirical force field models for the interpretation of EXAFS data in bimetallic nanoparticles. In particular, we have shown that the accuracy of the classical MD-EXAFS analysis is sufficient to distinguish between NPs models with different sizes, shapes, and intra-particle distributions of different metals. The MD-EXAFS method also enables the reliable determination of the metal mixing ratios in the heterometallic NPs, without any a priori assumptions of the shape of bond length distributions, which limit the applicability of the conventional EXAFS analysis in this case.
At the same time, we have found that the accuracy of MD simulations currently is not sufficient to reproduce the details of interatomic distance distributions in bimetallic NPs. The further refinement of the MD structure models via the reverse Monte Carlo/evolutionary algorithm approach allowed us to overcome this issue and to obtain 3D structural models of PdAu NPs that were in an excellent agreement with experimental data, and allowed us to follow the changes in NPs structural parameters upon increase of the Pd to Au ratio.
SUPPLEMENTARY MATERIAL
See supplementary material for the details of experimental characterization of PdAu nanoparticles, the summary of our procedure for nanoparticle structure refinement using experimental EXAFS data and atomistic simulations, details of molecular dynamics simulations, wavelet transform and reverse Monte Carlo simulations, and additional supplementary figures (Figs. 1-12) . The computational work was performed on the "LASC" cluster-type computer at Institute of Solid State Physics of the University of Latvia.
